In Escherichia coli, genes coding for enzymes involved in cell wall peptidoglycan synthesis are located in several discrete regions of the chromosome forming clusters, which we named mra (murein synthetic gene cluster a), mrb, mrc, mrd, and mre (11) . The mra region (14) is the largest of these gene clusters, encompassing in 12 kb of the E. coli chromosome at least 10 tightly aligned genes: fts-36 (lts-33)-ftsI-murE-murF-mra Y-murD-ftsW-murG-murC-ddl (8) . Genes murC, murD, murE, murF, and ddl encode five ligases involved in synthesis of UDP-N-acetylmuramic acid (MurNAc)-pentapeptide from UDP-MurNAc; ftsI and ftsW encode penicillin-binding protein 3 and the FtsW protein, respectively, which function in septum peptidoglycan formation. Through recent work in this and other laboratories, the complete physical map (8) and DNA sequence (4-7, 12, 13, 16-18, 21) of the whole mra region are now known. However, the functions of the products of fts-36 (Its-33), mraY (previously named ORF-Y), and murG have not been elucidated. In this report, we show that mraY encodes the enzyme involved in the first step of the lipid cycle reactions (1) in the biosynthesis of the cell wall peptidoglycan. It catalyzes the following reaction:
UDP-MurNAc-pentapeptide + undecaprenyl-phosphate = undecaprenyl-pyrophosphoryl (PP)-MurNAcpentapeptide + UMP
MATERIALS AND METHODS Bacterial strains and media. E. coli K-12 strain JM109
[recAl endAl gyrA96 thi hsdRJ7 supE44 relAl X-A(lacproAB) (F' traD36 proAB lacIAZAM15)] was used as the host strain for the plasmids used. Cells containing plasmids were grown in L' broth (8) ml of broth were cultured at 30°C with shaking to the logarithmic phase of growth. Then the cells were harvested by centrifugation at 6,000 x g for 10 min in a refrigerated centrifuge, washed once with cold 0.05 M Tris hydrochloride buffer (pH 8.0) containing 0.1 mM MgCl2 (buffer A), and resuspended in buffer A at 50 mg (wet weight) of cells per ml. Membranes were prepared by gentle sonication (10 kHz) of 5-ml portions of the cell suspension and differential centrifugation between 6,000 x g (10 min) and 100,000 x g (60 min). The membrane fraction was washed once with buffer A by centrifugation at 100,000 x g, resuspended in buffer A at about 30 mg of protein per ml, and stored at -80°C. Enzymatic reactions. Enzymatic syntheses of peptidoglycan and lipid intermediates from labeled UDP-MurNAcpentapeptide and unlabeled UDP-N-acetylglucosamine (GIcNAc) were performed essentially by the method used for assay of penicillin-binding protein 1B (15) . The reaction mixture contained, in a final volume of 10 ,ul in a 1.5-ml plastic Eppendorf tube, 60 mM Tris hydrochloride (pH 8.5), 30 mM MgCl2, 1 mM 2-mercaptoethanol, 0.4 mM UDPGlcNAc, 4 [14C]UMP (45 Ci/mol), 0.5% Triton X-100, 0. (Fig. 2, pTA1 , lanes b, and pTA5, lanes c) than with those without mra Y (pUC118, lanes a, and pMURG, lanes d).'Experiments were done in both the presence ( Fig. 2A) and absence (Fig. 2B) (3) showing similarity of the two proteins. Identical amino acid residues and conserved replacements in the optimal alignment region are marked with asterisks and dots, respectively. The hydropathy profile was constructed by the method of Kyte and Doolittle (9) . Average hydrophilic values for a sequence of 10 amino acids were calculated.
UDP-MurNAc-pentapeptide + undecaprenyl-phosphate UMP + undecaprenyl-PP-MurNAc-pentapeptide (2) [14C]UMP + undecaprenyl-PP-MurNAc-pentapeptide
The incorporation of ["4C]UMP continued until the specific radioactivities of UDP-MurNAc-pentapeptide and UMP attained the same level, and so the kinetics of the reaction was linear with time for much longer than the simple forward reaction. Membranes from cells containing plasmids pTAi and pTA5 (both containing mra Y) had much higher activity than membranes from cells containing plasmids without mra Y (pUC118 and pMURG) (Fig. 3) . The reaction was stoichiometric, with formation of labeled UDPMurNAc-pentapeptide (Fig. 3A) and disappearance of labeled UMP (Fig. 3B) (Fig. 4) . Homology with Saccharomyces cerevisiae tunicamycin-sensitive GlcNAc-l-phosphate transferase. The predicted amino acid sequence-of mraY showed certain homology with the product of the yeast gene responsible for the tunicamycin resistance of the cell (3). The yeast protein (ALG7) is thought to be identical to the dolichyl-phosphate-dependent GlcNAc-1-phosphate transferase (3). The optimal alignment according to the program of Lip,man and Pearson (10) showing homology of 20.7% per 174 amino acid residues (aa) of the'predicted amino acid sequences of the two proteins is seen in Fig. 5A . (19) or in an in vitro protein synthesis system (2). The amino acid sequence of the MraY protein predicted from the base sequence of the mra Y gene indicated its strong hydrophobicity (Fig. 5B) . Furthermore, the rather regular repeat of hydrophobic and hydrophilic domains strongly suggested that this protein spans the cytoplasmic membrane several times. The yeast ALG7 protein also showed a hydropathy profile similar to that of MraY. Hydropathy profiles of these two proteins were very similar in their homologous area (Fig. 5A) , and this suggests that the functions of these two proteins are similar.
DISCUSSION
In the present study, we showed that the open reading frame Y found previously between murF and murD in the mra region at 2 min in the E. coli chromosome map encodes or regulates a tunicamycin-sensitive phospho-MurNAc-pentapeptide transferase. This enzyme catalyzes the first step of lipid cycle reactions in the biosynthetic pathway of cell wall peptidoglycans. The high sensitivity of this enzyme to tunicamycin has been reported previously (20) . The similarity of the deduced amino acid sequence and hydropathy profile of the MraY protein with those of a presumptive dolichylphosphate-dependent, tunicamycin-sensitive GlcNAc-1- The MraY protein has regularly repeated hydrophobic domains and is thought to function in the membranes of E. coli cells. This protein may transfer phospho-MurNAcpentapeptide residues from UDP-MurNAc-pentapeptide in the cytoplasm to undecaprenyl-phosphate in the cytoplasmic membrane. Structural study of this protein will provide useful information about the mechanism of saccharide transfer into membranes in bacteria. Determination of the functions of the remaining mra gene, murG, and the 363-bp open reading frame upstream of ftsl (16) which is thought to harbor the fts-36 and Ist-33 mutations is now in progress.
